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ABSTRACT
We present the results of deep Chandra imaging of the central region of the Extended Groth
Strip, the AEGIS-X Deep (AEGIS-XD) survey. When combined with previous Chandra observa-
tions of a wider area of the strip, AEGIS-X Wide (AEGIS-XW; Laird et al. 2009), these provide
data to a nominal exposure depth of 800ks in the three central ACIS-I fields, a region of approx-
imately 0.29 deg2. This is currently the third deepest X-ray survey in existence, a factor ∼ 2− 3
shallower than the Chandra Deep Fields (CDFs) but over an area ∼ 3 times greater than each
CDF. We present a catalogue of 937 point sources detected in the deep Chandra observations.
We present identifications of our X-ray sources from deep ground-based, Spitzer, GALEX and
HST imaging. Using a likelihood ratio analysis, we associate multi band counterparts for 929/937
of our X-ray sources, with an estimated 95 % reliability, making the identification completeness
approximately 94 % in a statistical sense. Reliable spectroscopic redshifts for 353 of our X-ray
sources are provided predominantly from Keck (DEEP2/3) and MMT Hectospec, so the current
spectroscopic completeness is ∼ 38 per cent. For the remainder of the X-ray sources, we compute
photometric redshifts based on multi-band photometry in up to 35 bands from the UV to mid-IR.
Particular attention is given to the fact that the vast majority the X-ray sources are AGN and
require hybrid templates. Our photometric redshifts have mean accuracy of σ = 0.04 and an
outlier fraction of approximately 5%, reaching σ = 0.03 with less than 4% outliers in the area
covered by CANDELS . The X-ray, multi-wavelength photometry and redshift catalogues are
made publicly available.
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1. Introduction
Deep X-ray surveys trace the accretion history
of the universe, offering a highly efficient method
of pinpointing growing black holes in galaxies over
a wide range of redshifts. Chandra and XMM-
Newton surveys have yielded samples of Active
Galactic Nuclei (AGN) capable of characteris-
ing the evolution of accretion power in the Uni-
verse, via the X-ray luminosity function (XLF; e.g.
Hasinger et al. 2005; Barger et al. 2005; Silver-
man et al. 2008; Aird et al. 2010; Ueda et al.
2014). These surveys have also been highly influ-
ential in broadening our understanding of the co-
evolution of supermassive black holes and galax-
ies via the characterisation of various host proper-
ties of AGN. The extraordinary sensitivity of the
current generation of X-ray observatories, partic-
ularly Chandra, to point-like X-ray sources has
transformed such investigations by revealing large
populations of AGN in galaxies where the accre-
tion activity in other wavebands is either obscured,
or overwhelmed by host galaxy light (e.g. Brandt
& Hasinger 2005).
The deepest X-ray surveys thus far are the
Chandra Deep Fields (CDFs; Giacconi et al. 2002;
Alexander et al. 2003; Luo et al. 2010; Xue et al.
2011). While these reach extremely faint flux lev-
els they can only do so over relatively small areas.
Complementary large-area, but shallower surveys
have therefore been performed, such as XBootes
(Murray et al. 2005), XMM-LSS (Pierre et al.
2007), XMM-COSMOS (Hasinger et al. 2007) and
Chandra COSMOS (Elvis et al. 2009).
Determination of the accretion history and
its relationship to galaxy evolution cannot be
achieved using X-ray data alone. For example,
a basic requirement is also to determine the red-
shifts of the X-ray sources to determine their lu-
minosities and evolution. This has proved surpris-
ingly difficult, for a number of reasons. Firstly,
the depth of current X-ray observations is such
that the multiwavelength counterparts of the X-
ray sources are often extremely faint. This makes
even the identification e.g. of optical or NIR coun-
terparts challenging. Determining their redshifts
is even more difficult, because the vast major-
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ity are too faint for spectroscopic identification.
Despite major efforts, the spectroscopic complete-
ness of the deepest X-ray samples are < 50 % (e.g.
Szokoly et al. 2004; Trouille et al. 2008). Photo-
metric redshifts can be used to mitigate this spec-
troscopic incompleteness, but require very deep
data in as many bands as possible. This can be
difficult to acquire in wide fields. Also, because
the vast majority of X-ray point sources in deep
surveys are AGN, special consideration is also re-
quired to yield accurate photo-z’s (Salvato et al.
2009, 2011).
One area of the sky which benefits from deep
multi wavelength coverage is the Extended Groth
Strip (EGS), a region of 0.25 x 2’ centered at ap-
proximately α = 14h 18m, δ = 52◦ 00′. Deep
observations of the EGS have been performed us-
ing ground and space-based observatories, many
of them as part of the AEGIS multiwavelength
project (Davis et al. 2007). This includes X-ray
imaging with Chandra/ACIS, which covers the en-
tire EGS to a nominal depth of 200ks, which we
henceforth designate the AEGIS-X Wide (AEGIS-
XW) survey (Nandra et al. 2005; Laird et al. 2009
hereafter L09). These observations have been ef-
fective in helping characterizing the accretion his-
tory to relatively high redshifts (Aird et al. 2008;
2010). In combination with the AEGIS multi
wavelength data they have also provided new in-
sights into the relationship of AGN with their host
galaxies (e.g. Nandra et al. 2007; Pierce et al.
2007; Bundy et al. 2008; Georgakakis et al. 2008c,
2009) and large scale structure environments (e.g.
Georgakakis et al. 2007, 2008a Coil et al. 2009).
In the current paper we present deeper Chandra
imaging (800ks nominal depth) of the central EGS
region, hereafter the AEGIS-X Deep (AEGIS-XD)
survey. The AEGIS-XW data are sufficient to de-
tect essentially the full population of X-ray emit-
ting AGN to z ∼ 3 (Aird et al. 2008). Under-
standing the evolution above this redshift is im-
portant, as above z = 3 the luminous QSO popu-
lation is known to decline rapidly (e.g Wall et al.
2005). Whether this also applies to the obscured
and more moderate luminosity AGN populations
probed in X-ray surveys is an open question Brusa
et al., 2009; Civano et al., 2011; Vito et al. 2013).
The CDFs reach sufficient depths to detect such
sources at z > 3 (e.g. Fiore et al. 2012), but
they do not cover sufficient area to yield samples
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of sufficient size to fully characterize the total ac-
cretion power at the redshifts of interest. A fur-
ther advantage of deeper X-ray data is improved
characterization of the X-ray spectral properties
of deep field sources, and particularly the obscu-
ration properties which may be strongly linked to
SMBH-galaxy co-evolution scenarios (e.g. Hop-
kins et al. 2005). Because most Chandra surveys
are severely photon-starved, this is very challeng-
ing without long exposures.
The AEGIS-XD data occupy a unique region
of parameter space, being larger in area than each
CDF by a factor 3, but of sufficient depth to probe
the high redshift and obscured X-ray source pop-
ulations of interest. The AEGIS-XW data were
designed to probe down to Seyfert level AGN ac-
tivity (LX ∼ 1043 erg s−1 at z ∼ 3 in the soft X-ray
(0.5-2 keV) band. The new AEGIS-XD observa-
tions are sensitive to these luminosities at z ∼ 5, in
principle with sufficient area to extend our under-
standing of the evolution of the X-ray luminosity
function to at least that redshift. At the same
time, in the harder X-ray band (2-10 keV), the
AEGIS-XD images are sensitive to these kind of
Seyfert level luminosities at z ∼ 2, even for sources
absorbed by a column density of NH = 10
24 cm−2.
At these flux limits, sources with even higher col-
umn densities may be detected via their scattered
light in either or both bands, via consideration
of their X-ray spectra (e.g. Tozzi et al. 2006;
Brightman & Ueda 2012). When combined with
the exceptional multiwavelength data in AEGIS,
the AEGIS-XD data therefore provide a unique re-
source to trace the growth of supermassive black
holes, and its influence on galaxies, over a major
fraction of cosmic time.
In the present paper we describe the basic ob-
servational parameters and analysis of the AEGIS-
XD data, deriving an X-ray point source cata-
logue, a multi wavelength photometric catalog of
the X-ray source counterparts, and a redshift cata-
logue. A companion paper presenting an extended
source catalogue based on the same deep Chan-
dra data has been presented in Erfanianfar et al.
(2013). An X-ray point source catalogue based
on almost the same Chandra data used here has
also been previously presented by Goulding et al.
(2012; hereafter G12). The present paper employs
a different data reduction and source detection
procedure, as well as a different technique for asso-
ciation of optical and near-infrared counterparts to
the X-ray sources. Comparisons with this previous
work are given in Sections 3.3 and 4.2. In addition,
we provide a catalogue of spectroscopic and pho-
tometric redshifts for the X-ray source counter-
parts. The paper is structured as follows: Section
2 describes the X-ray observations and data reduc-
tion; Section 3 describes the source detection and
photometry, which comprises an updated version
of the AEGIS-XW methodology presented earlier
by L09. The point source catalogue and sensi-
tivity maps are presented in Section 4. Section
5 describes the multi-wavelength identifications
and multi band photometry, the latter based on
the methodology of the Rainbow database (Perez-
Gonzalez et al. 2008, Barro et al. 2011a, 2011b).
In Section 6 we present redshift estimates of the
sources, including accurate photometric redshifts
accounting for the AGN nature of the sources us-
ing the methods of Salvato et al. (2011). A sum-
mary of our results is given in Section 7.
2. Observations and Data Reduction
2.1. X-ray data
The new AEGIS-XD Chandra data were taken
at three nominal pointing positions, which we
have designated AEGIS-1, AEGIS-2 and AEGIS-
3. Each field was approved to receive approxi-
mately 600ks in exposure as part of Chandra Cycle
9, supplementing the ∼ 200ks exposures acquired
in Cycle 3 (Nandra et al. 2005) and Cycle 6 (L09).
The new exposures were split up into smaller seg-
ments ranging in duration from ∼ 7 − 100 ks.
These observations were all taken in the time pe-
riod 2007 Dec 11 to 2009 June 26 using the ACIS-
I instrument (Garmire et al. 2003) without any
grating in place. All new AEGIS-XD data were
taken in VFAINT mode. Full details of the new
Chandra observations are given in Table 1. The
three subfields AEGIS-1, 2, and 3 were defined as
the spatial limits of ObsIDs 9450, 9454 and 9458
respectively, with a border of ±20 pixels in the X
and Y directions. These sub-fields were analyzed
separately but have considerable overlap: common
sources were removed at a later stage.
The total exposure times for the Cycle 9 point-
ings before screening were 583ks (AEGIS-1), 597ks
(AEGIS-2) and 596ks (AEGIS-3). The centre of
these fields correspond fairly closely to those of
3
Fig. 1.— Layout of the AEGIS field showing the location of the Chandra X-ray imaging, and a subset of the
multi wavelength coverage. The 200ks AEGIS-XW area (L09) is show as the greyscale image. The deeper
800ks coverage is contained in the area delineated within the thick black lines.
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Table 1
Observation Log
Fielda ObsIDb RAc DECc Start Timed On timee Exposuref Roll Angleg
Name (J2000) (J2000) (UT) (ks) (ks) (deg)
AEGIS-1 9450 14 20 17.24 +53 00 34.22 2007-12-11 04:24:07 28.91 28.78 40.2
AEGIS-1 9451 14 20 17.23 +53 00 34.23 2007-12-16 10:52:06 25.38 25.21 40.2
AEGIS-1 9452 14 20 16.80 +53 00 36.20 2007-12-18 05:45:49 13.56 13.29 48.7
AEGIS-1 9453 14 20 14.22 +52 59 43.05 2008-06-15 21:28:03 44.75 44.64 229.2
AEGIS-1 9720 14 20 14.21 +52 59 42.96 2008-06-17 05:14:02 28.14 27.74 229.2
AEGIS-1 9721 14 20 13.78 +52 59 45.13 2008-06-12 08:09:14 16.55 16.55 220.2
AEGIS-1 9722 14 20 13.76 +52 59 45.19 2008-06-13 07:02:28 20.01 19.89 220.2
AEGIS-1 9723 14 20 14.22 +52 59 43.00 2008-06-18 13:42:40 34.54 34.47 229.2
AEGIS-1 9724 14 20 16.82 +53 00 36.22 2007-12-22 13:37:26 14.09 14.08 48.7
AEGIS-1 9725 14 20 12.35 +53 00 16.04 2008-03-31 05:21:42 31.13 31.13 150.2
AEGIS-1 9726 14 20 13.77 +52 59 45.15 2008-06-05 08:45:04 39.63 39.62 220.2
AEGIS-1 9793 14 20 16.81 +53 00 36.27 2007-12-19 02:53:51 24.08 23.83 48.7
AEGIS-1 9794 14 20 16.82 +53 00 36.13 2007-12-20 04:27:59 10.34 10.03 48.7
AEGIS-1 9795 14 20 16.82 +53 00 36.32 2007-12-20 21:36:20 8.91 8.91 48.7
AEGIS-1 9796 14 20 16.81 +53 00 36.27 2007-12-21 20:28:33 16.33 16.33 48.7
AEGIS-1 9797 14 20 16.82 +53 00 36.38 2007-12-23 13:12:28 12.63 12.15 48.7
AEGIS-1 9842 14 20 12.35 +53 00 16.01 2008-04-02 21:01:59 30.45 30.44 150.2
AEGIS-1 9843 14 20 12.34 +53 00 16.13 2008-04-02 01:11:09 15.32 13.48 150.2
AEGIS-1 9844 14 20 12.35 +53 00 15.94 2008-04-05 13:07:54 19.78 19.78 150.2
AEGIS-1 9863 14 20 13.76 +52 59 45.14 2008-06-07 00:33:47 22.01 22.01 220.2
AEGIS-1 9866 14 20 13.77 +52 59 45.16 2008-06-03 22:43:14 25.83 25.83 220.2
AEGIS-1 9870 14 20 13.77 +52 59 44.99 2008-06-10 15:11:23 11.08 11.00 220.2
AEGIS-1 9873 14 20 13.77 +52 59 45.16 2008-06-11 14:22:06 30.81 30.75 220.2
AEGIS-1 9875 14 20 14.32 +52 59 42.61 2008-06-23 22:54:14 25.21 25.20 231.2
AEGIS-1 9876 14 20 14.21 +52 59 43.03 2008-06-22 00:22:03 33.29 33.28 229.2
AEGIS-2 9454 14 19 14.72 +52 48 22.75 2008-09-11 04:47:10 59.81 56.80 310.7
AEGIS-2 9455 14 19 14.72 +52 48 22.78 2008-09-13 19:38:46 100.20 99.72 310.7
AEGIS-2 9456 14 19 15.06 +52 48 29.45 2008-09-24 08:15:30 58.82 58.35 325.2
AEGIS-2 9457 14 19 11.06 +52 48 10.35 2008-06-27 07:08:38 32.75 32.74 235.7
AEGIS-2 9727 14 19 14.72 +52 48 22.82 2008-09-12 16:44:12 36.16 34.94 310.7
AEGIS-2 9729 14 19 11.31 +52 48 09.80 2008-07-09 16:47:58 48.29 48.04 240.2
AEGIS-2 9730 14 19 15.06 +52 48 29.41 2008-09-25 16:50:54 53.97 53.72 325.2
AEGIS-2 9731 14 19 11.25 +52 48 09.91 2008-07-03 10:58:47 21.38 21.38 239.2
AEGIS-2 9733 14 19 15.06 +52 48 29.44 2008-09-27 01:15:33 58.82 58.36 325.2
AEGIS-2 9878 14 19 11.07 +52 48 10.42 2008-06-28 06:03:20 15.74 15.73 235.7
AEGIS-2 9879 14 19 11.07 +52 48 10.36 2008-06-29 03:39:20 27.02 26.80 235.7
AEGIS-2 9880 14 19 11.25 +52 48 09.87 2008-07-05 17:00:17 29.89 29.45 239.2
AEGIS-2 9881 14 19 15.06 +52 48 29.47 2008-09-28 08:15:12 54.53 53.93 325.2
AEGIS-3 9458 14 18 06.09 +52 37 17.03 2009-03-18 12:20:16 6.66 6.65 136.9
AEGIS-3 9459 14 18 12.11 +52 36 57.84 2008-09-30 19:20:28 69.91 69.55 329.7
AEGIS-3 9460 14 18 12.12 +52 36 58.08 2008-10-10 06:17:49 21.91 21.36 330.2
AEGIS-3 9461 14 18 07.78 +52 36 37.50 2009-06-26 09:30:12 23.73 23.73 230.2
AEGIS-3 9734 14 18 11.83 +52 36 50.93 2008-09-16 11:01:21 49.98 49.47 315.2
AEGIS-3 9735 14 18 11.83 +52 36 50.95 2008-09-19 03:14:15 50.00 49.47 315.2
AEGIS-3 9736 14 18 11.83 +52 36 50.97 2008-09-20 11:07:10 50.13 49.48 315.2
AEGIS-3 9737 14 18 11.83 +52 36 50.94 2008-09-21 17:53:00 49.99 49.48 315.2
AEGIS-3 9738 14 18 12.11 +52 36 57.84 2008-10-02 06:56:22 61.89 60.60 329.7
AEGIS-3 9739 14 18 12.12 +52 36 58.09 2008-10-05 11:28:12 42.91 42.59 330.2
AEGIS-3 9740 14 18 06.30 +52 37 19.96 2009-03-09 22:24:18 20.38 20.37 130.2
AEGIS-3 10769 14 18 05.99 +52 37 14.25 2009-03-20 13:38:26 26.69 26.68 143.0
AEGIS-3 10847 14 18 09.85 +52 37 32.39 2008-12-31 05:06:27 19.27 19.27 57.2
AEGIS-3 10848 14 18 09.86 +52 37 32.43 2009-01-01 17:11:57 17.91 17.91 57.2
AEGIS-3 10849 14 18 09.85 +52 37 32.52 2009-01-02 21:25:57 15.93 15.92 57.2
AEGIS-3 10876 14 18 06.30 +52 37 19.99 2009-03-11 01:37:20 17.21 17.21 130.2
AEGIS-3 10877 14 18 06.31 +52 37 20.03 2009-03-12 15:15:57 16.23 16.22 130.2
AEGIS-3 10896 14 18 07.50 +52 36 38.72 2009-06-15 18:46:14 23.29 23.29 224.7
AEGIS-3 10923 14 18 07.77 +52 36 37.40 2009-06-22 07:38:22 11.62 11.62 230.2
aField Name: note that there is an approximate correspondence between, respectively AEGIS1-3 and EGS 3-5, in the
AEGIS-XW survey of L09
bChandra Observation ID
cNominal position of pointing (J2000)
dStart date and time (UT)
eRaw exposure time
fExposure time after data screening as described in §2.2
gRoll angle in deg of the observation
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the EGS-3, EGS-4 and EGS-5 fields of L09. Here
we add together the data from the 200ks EGS 3-5
fields together with our new data, to a nominal
800ks depth in each field. For the AEGIS-1 sub-
field there is some overlap with the EGS2 data of
L09, but this is very small and at large off-axis
angles, so these data were not included. For the
AEGIS-3 sub-field, we also add together 3 ObsIDs
from the original “Groth-Westphal Strip” (GWS)
survey of Nandra et al. (2005), which were taken
in FAINT mode. These have significantly different
pointing centers and roll angles to the L09 AEGIS-
XW survey, but there is substantial overlap of the
tiles with the AEGIS-3 field at one edge. A list of
the ObsIDs overlapped with each field is given in
Table 2. Note that the final catalogue presented
here consists only of the sources in the region cov-
ered by the new X-ray imaging (i.e. covered by the
ObsIDs listed in Table 1), otherwise they should
be present in the catalogue of L09.
The total (pre-screening) exposure times for
each field were then 779ks (AEGIS-1), 787 ks
(AEGIS-2) and 782ks (AEGIS-3, excluding the
GWS/EGS-8 exposure which only covers a rela-
tively small part of the field). The data and anal-
ysis of the 200ks imaging of the AEGIS-XW is
fully described in L09. Here we largely follow the
same reduction analysis methodology described in
that paper, which we now describe in brief, noting
any changes.
2.2. X-ray data reduction
The data reduction was performed using the
CIAO data analysis software v4.1.2 (Fruscione
et al. 2009) and follows the scheme described
in L09, with some minor changes and improve-
ments, as detailed here. Briefly, for each individ-
ual Obsid, we corrected the data for aspect off-
sets, applied the bad pixel removal and destreak-
ing algorithms, removed cosmic ray afterglows us-
ing standard tools, and corrected for CTI and gain
effects. We also applied the ACIS particle back-
ground cleaning algorithm to the VFAINT mode
data. Analysis was restricted to ACIS chips 0-3,
and ASCA-style event grades 0,2,4 and 6. To re-
ject periods of high background we used the proce-
dure of Nandra et al. (2007), adopting a threshold
of 1.4 times the quiescent background level, deter-
mined as the count rate at which the background
shows zero excess variance over that expected from
statistical fluctuations alone. As in L09 and Nan-
dra et al. (2005) we relaxed this criterion in Ob-
sID 4365 which contains a period of relatively high
but stable background. As in L09, a flare was also
manually removed from ObsID 5850.
Following this basic reduction and screening,
the astrometry of the individual image frames was
corrected using a reference catalogue. Specifi-
cally, we use the CFHTLS i-band selected cata-
logue to register the AEGIS-XD images to the op-
tical reference frame. We first ran the Chandra
wavelet source detection task wavdetect on the
0.5-7 keV image, using a detection threshold of
10−6, then used the CIAO task reproject aspect
to correct the astrometry compared to the refer-
ence image, and create new aspect solution files.
The new aspect solutions were then applied to
the original event files. The parameters used for
reproject aspect were a source match radius of
12 and a residual limit of 0.5. Typically around
100 sources were detected in the individual ObsIDs
with around 60 per cent of these having a counter-
part used in the reprojection. The absolute value
of the offset was typically small (< 0.5”). Follow-
ing this step we created event files for the individ-
ual frames in the standard full (FB; 0.5-7 keV),
soft (SB; 0.5-2 keV), hard (HB; 2-7 keV) and ul-
trahard (UB; 4-7 keV) bands, and exposure maps
for each were produced for each energy band us-
ing the merge all task. The exposure maps were
created at multiple energies with weights appro-
priate for a Γ = 1.4 power law spectrum (see Ta-
ble 3). The individual ObsID images and expo-
sure maps were then stacked together. At the na-
tive resolution of ACIS (0.492” pixels), images of
the entire AEGIS-XD region would be too large to
manipulate efficiently. We therefore created sepa-
rate image stacks for the AEGIS-1, AEGIS-2 and
AEGIS-3 fields. These overlap significantly, mean-
ing edge effects can be avoided, but in the final
catalogue we remove duplicated entries detected
in more than one image (see below). Exposure
maps for the stacked images were created by sum-
ming the exposure maps of the individual ObsIDs.
Figure 2 shows the effective exposure time as a
function of survey area for the AEGIS-XD data.
2.3. Source Detection
Source detection proceeded the same fashion as
that described in L09 and the reader is referred to
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Table 2
AEGIS-XW 200ks ObsIDs combined with new AEGIS-XD fields (Table 1)
AEGIS-XD field AEGIS-XW 200ks ObsIDs
AEGIS-1 5845, 5846, 6214, 6215
AEGIS-2 5847, 5848, 6216, 6217
AEGIS-3 3305, 4357, 4365, 5849, 5850, 6218, 6219
Table 3
Weights used for exposure map calculations
Energy Energy band
(keV) Full Soft Hard Ultrahard
0.65 0.2480 0.3867 . . . . . .
0.95 0.1509 0.2352 . . . . . .
1.25 0.1042 0.1625 . . . . . .
1.55 0.0776 0.1209 . . . . . .
1.85 0.0607 0.0947 . . . . . .
2.50 0.1359 . . . 0.3789 . . .
3.50 0.0842 . . . 0.2346 . . .
4.50 0.0590 . . . 0.1645 0.4256
5.50 0.0445 . . . 0.1240 0.3208
6.50 0.0352 . . . 0.0980 0.2536
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Fig. 2.— Effective exposure time as a function of
survey area for the AEGIS-XD observations.
that paper for full details. Briefly, a“seed” source
catalogue was first created using the wavdetect
task run at a low probability threshold (10−4) on
the mosaic images. This low threshold is intended
to capture all potential sources, but likely contains
many spurious sources. Aside from this threshold-
ing, the only information used from wavdetect in
the final catalogue is the source position. Using
these positions for the candidate sources, counts
were extracted from the mosaic images using a cir-
cular aperture with radius equal to the exposure-
weighted 70% encircled energy fraction (EEF) of
the Chandra point spread function (PSF). The
PSFs were taken from a lookup table calculated
using the MARX simulation software as described
in L09. Background was determined using an an-
nulus with inner radius equal to 1.5 times the 95%
EEF at the source position and outer radius 100
pixels larger than this, excluding detected sources.
The background was then scaled to the size of
the source region and the Poisson false probability
of observing the total counts given the expected
background was calculated, masking out the 95%
EEF of candidate sources. A significance thresh-
old of 4 × 10−6 was then applied, and a further
detection iteration performed masking out only
sources more significant than this. This itera-
tion assures that the background is not underes-
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Fig. 3.— Mosaic full band image of the Extended
Groth Strip showing the location and overlap of
the 3 central AEGIS-XD fields, which have nomi-
nal 800ks depth. The sub-fields AEGIS-1, AEGIS-
2 and AEGIS-3 are shown as red squares.
timated due to the masking of random positive
variations identified as candidate sources in the
wavdetect seed list. Any source detected at this
4×10−6 probability level in the second iteration in
any individual band was included in the final cat-
alogue. The sources considered significant were
band-merged using the matching criteria specified
in Table 2 of L09. Photometry was then performed
to estimate the fluxes in several energy ranges,
even if the source was not considered a signifi-
cant detection in that particular band. After per-
forming the band merging we visually inspected
the images of the sources in each of the fields and
checked that the correct cross-band counterparts
were identified. Two sources in the catalogue were
detected in the soft and full bands but not cor-
rectly matched with their hard (and in one case
ultra-hard) band counterparts. These were com-
bined manually. Two single-band detected sources
(one soft, one ultra hard) were removed from the
catalogue after visual inspection revealed strong
contamination by nearby bright sources. These
removed sources were most likely incorrectly iden-
tified in the initial wavdetect seed catalogue.
Finally the source catalogs for the individual
sub-fields AEGIS 1,2 and 3 were merged to remove
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Table 4
Sources detected in one band but not another
Detection Total number Non-detection band
band (keV) of sources Full Soft Hard Ultrahard
Full (0.5–7) 859 . . . 190 299 562
Soft (0.5–2) 732 63 . . . 282 478
Hard (2–7 ) 574 14 124 . . . 277
Ultrahard (4–7) 299 2 45 2 . . .
duplicate sources in the overlapping regions. A
2” search radius was adopted, and as in L09 the
source was chosen from the field with the smallest
off-axis angle for the final catalog.
One significant change in the current paper
compared to L09 is in the X-ray photometry.
Specifically, here we have adopted elliptical aper-
tures to extract the counts from the individual
ObsIDs, using the 90%EEF PSF appropriate for
the ObsID in question (95% in the case of the
soft band). This contrasts with the source detec-
tion described above, and the photometry in L09,
which adopt circular apertures. Fluxes were esti-
mated using the Bayesian methodology described
in L09, using a Γ = 1.4 spectrum with Galactic
NH of 1.3× 1020 cm−2 (Dickey & Lockman 1990).
The count rates in the full, hard and ultrahard
bands were also extrapolated to fluxes in standard
energy bands: 0.5–10, 2–10, and 5–10 keV, respec-
tively. Hardness ratios were calculated using the
Bayesian methodology BEHR (Park et al. 2006).
2.4. Spitzer/IRAC observations
The IRAC Guaranteed Time Observations of
the AEGIS field cover a region approximately 2◦
by 10′ (Barmby et al. 2006, 2008). The ACIS
field of view is wider than this (see Fig 3) meaning
that the GTO IRAC observations miss the edges
of the deep Chandra imaging. As shown by, e.g.,
L09, and discussed below, Spitzer IRAC observa-
tions are critical for secure identifications of X-
ray sources. For this reason, as part of the Chan-
dra program we obtained additional Spitzer IRAC
imaging of the edges of the strip. The IRAC cover-
age map is shown in Fig. 1 and the data reduction
was performed as described in Barro et al. (2011),
and is incorporated into the Rainbow database.
3. Point Source Catalog
The final point source catalogue in the AEGIS-
X Deep area consists of 937 sources. Of these,
respectively 859, 732, 574 and 299 were detected
at p < 4 × 10−6 in the full, soft, hard and ultra
hard bands. Sources detected in one band but not
another are detailed in Table 4. The AEGIS-XD
X-ray source catalog with full X-ray information
is made publicly available in FITS table format
as detailed in an Appendix to this paper and at
http.mpe.mpg.de/XraySurveys/. As a demon-
stration of the properties of the AEGIS-XD X-ray
soruces, Figure 4 presents the hardness ratio dis-
tribution of the hard-band (2-7 KeV) selected sam-
ple. This is compared to the hardness ratio sources
of hard-band detected sources in the AEGIS-X
(L09) and the 4Ms CDFS (Rangel et al. 2013).
Hardness ratios are estimated from the counts in
the 0.5-2 and 2-7 keV spectral bands.
3.1. Sensitivity
Sensitivity maps were computed according to
the procedure described in Georgakakis et al.
(2008b) as implemented by L09. This approach
accounts for incompleteness and Eddington bias
in the sensitivity calculation, which is performed
in a manner which is also fully consistent with the
source detection procedure. The flux limits for
the new AEGIS-XD survey as a function of area
are shown for various energy bands in Fig 5, com-
pared to the deepest X-ray survey in existence,
the Chandra Deep Field South, together with the
sensitivity curves of the G12 source catalogue of
the entire Extended Groth Strip Chandra survey.
Following L09, we define the limiting flux of our
observations as the flux to which at least 1% of
the survey area is sensitive. We find the limit-
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Fig. 4.— Hardness ratio distribution of hard-band (2-7 keV) selected sources in the AEGIS-XD (left panel;
this paper), AEGIS-X (middle panel; L09) and 4Ms CDFS (right panel; Rangel et al. 2013). The hardness
ratio is determined from the counts in the 0.5-2 and 2-7 keV bands.
ing fluxes so defined to be 1.5 × 10−16 (FB; 0.5–
10 keV), 3.3× 10−17 (SB; 0.5–2 keV), 2.5× 10−16
(HB; 2–10 keV), and 3.2 × 10−16 erg cm−2 s−1
(UB; 5–10 keV). We also show in Table 5 the 50%
and 90% completeness limits of the survey.
3.2. False source estimation
The source detection algorithm applied here
(and in L09) is designed to provide an accurate
estimate of the sensitivity of the X-ray observa-
tions at each position. The detection threshold
can be altered depending on the number of likely
spurious detections to be deemed acceptable in the
catalogue. Here we adopt a relatively conservative
threshold which should result in only a small num-
ber of spurious X-ray detections: L09, for exam-
ple, estimated that < 1.5 per cent of the AEGIS-
XW 200ks sources were likely to be spurious. To
assess this for the deeper AEGIS-XD data we per-
formed tests of the source detection on simulated
X-ray fields. The number of spurious sources ex-
pected in any given field may depend on the ex-
posure map of the field: for example with multi-
ple overlapping pointings, as is present here, edge
effects might introduce problems into the source
detection.
The false source content of our catalogue was
estimated based on the field configuration of the
AEGIS-2 field, overlapping the individual sub-
frames just as in the real data. The simulations
were run initially just using the background, and
then following the source procedure through as
for the real observations. Correcting the area of
the simulated observations to the total AEGIS-
XD survey, we predict about 12 spurious sources
in the catalogue, i.e. around 1.3%, consistent
with the estimates from L09. We also estimated
the false source contamination using simulated
sources, based on the logN-logS function of Geor-
gakakis et al. (2008b), yielding similar results.
A further estimate of the spurious source con-
tent can be made using the ultra-hard band (UB)
images. Due to a combination of the strong
energy-dependence of the effective area and PSF
of the Chandra optics, inherent in the Wolter-1
design, and the nature of the spectra of the un-
derlying source population, it is unlikely for real
sources to be detected in only the UB, as it is the
least sensitive of all the detection bands. As a
result, UB-only sources must have heavy obscura-
tion, at just the right level to suppress the soft,
full and hard band detections below the thresh-
old, but not so high that it suppresses the UB flux
as well. Furthermore, in practice even heavily ob-
scured sources are often detected in the soft X-ray
band, due to the presence of scattered X-ray light
(e.g. Brightman & Nandra 2012). None of these
considerations applies to spurious sources which,
if present in the ultra-hard band, should not be
detected in any other band. Just one source in
our catalogue is detected only in the UB, and is
thus a candidate for being spurious in the UB cat-
alogue, which contains a total of 299 sources. This
consideration suggests that the simulations might
over-estimate the number of spurious sources in
our catalogue.
With our deeper X-ray data, we can also make
a post-hoc check of the number of spurious sources
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Fig. 5.— Sensitivity curves for the AEGIS-XD survey in the soft, hard, full and ultra hard bands (solid lines),
calculated using the methodology of Georgakakis et al. (2008b). These are compared to the 4Ms Chandra
Deep Field South (dashed lines). The 4Ms CDFS reaches the deepest limits of any X-ray survey, but the
AEGIS-XD data provide a considerable increase in area. Also shown in the plot are the sensitivity curves
of the G12 in the entire Extended Groth Strip Chandra survey (deep and wide). For this comparison we
apply conversions to account for the different power-law X-ray spectral index assumed by G12 to determine
fluxes and the different energy bands used in their work compared to this paper. Note, however, that their
sensitivity calculation follows a different methodology as does their calculation of the exposure maps.
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Table 5
X-ray flux completeness limits for the AEGIS-XD survey
Completeness limita
Band 1%b 50%b 90%b
Full 1.46 8.22 35.9
Soft 0.33 2.02 9.22
Hard 2.48 13.6 58.2
Ultrahard 3.27 18.4 82.2
aFlux to which 1, 50 and 90% of the
survey area is complete.
bFluxes are in units of 10−16
erg cm−2 s−1.
Table 6
AEGIS-XW sources from L09 not included in AEGIS-XD catalog
L09 RA J2000a Dec J2000a pmin
a,b Det.a Bayesian fluxa,c i′ABd Classical flux limite
cat ID (J2000) (J2000) bands (10−16 erg s−1cm−2) (mag) (10−16 erg s−1cm−2)
egs 0379f 214.363649 52.525411 1.0× 10−8 fs 8.8+3.2−2.7 25.12 < 2.6
egs 0463 214.491077 52.632192 3.6× 10−6 s < 2.8 18.43 < 2.3
egs 0503 214.530413 52.508574 3.3× 10−6 s < 3.9 21.78 < 2.2
egs 0511f 214.548133 52.759199 1.0× 10−8 f 20.4+5.9−5.3 23.69 < 3.7
egs 0521 214.559843 52.568176 2.1× 10−6 s < 8.2 > 27.0 < 4.2
egs 0528 214.572498 52.446772 3.2× 10−6 f 5.8+3.2−4.2 23.79 < 4.9
egs 0529 214.573633 52.731312 1.0× 10−8 fs 9.2+3.9−3.3 24.89 < 2.6
egs 0533 214.575732 52.442809 3.6× 10−6 f 4.3+3.8−2.8 22.00 < 4.9
egs 0555 214.597394 52.488107 1.6× 10−6 s < 1.5 21.97 < 7.1
egs 0590 214.643180 52.698915 4.8× 10−7 fs 4.7+3.1−2.5 > 27.0 < 1.8
egs 0593 214.653435 52.627987 4.8× 10−7 s 3.6+2.5−1.9 22.23 < 1.4
egs 0602 214.662429 52.684361 3.3× 10−6 s < 2.9 25.39 < 1.8
egs 0687 214.813366 52.856652 3.0× 10−6 h 2.4+1.9−1.3 > 27.0 < 1.4
egs 0688 214.815105 52.793307 2.7× 10−6 h 2.4+1.9−1.7 > 27.0 < 1.6
egs 0711f 214.856439 52.745895 4.8× 10−7 s 5.9+3.5−3.3 24.28 < 3.5
egs 0728f 214.877813 53.007428 1.0× 10−8 fs 1.6+0.7−0.7 21.54 < 4.6
egs 0851 f 215.076587 53.032611 2.6× 10−6 s 3.2+2.5−1.7 18.99 < 1.4
aValues from L09.
bMinimum false detection probability found for the four analysis bands.
cFull band flux or upper limit.
dOptical identification from L09 or upper limit where no counterpart exists
eValues from this work.
fSource also detected in G12.
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Fig. 6.— Sources in the 200ks AEGIS-XW catalogue of L09 not significantly detected in the deeper 800ks
data. In each case the green circle shows the L09 position overlaid on the 800ks images from this work.
Generally these are low significance detections which are not confirmed in the deeper data, but in a few cases
the L09 detection appears in the wings of a nearby brighter source. The size of the circle is equal to the 90%
EEF in the full band, while the cutouts have a size of 25x25”.
in the 200ks L09 catalogue. Naively, it would be
expected that all real sources in the AEGIS-XW
catalogue also appear in our deeper observations
in the overlapping area. This is not the case, how-
ever, if the sources are spurious, as the significance
would tend to go down (and eventually below the
detection threshold) with deeper data. There are
in fact 17 sources in the AEGIS-XW catalogue,
which are covered in the deeper Chandra point-
ings but are not listed as significant sources in our
AEGIS-XD catalogue. These are listed in Table 6,
with postage-stamp images of the objects shown
in Fig. 6. The images show that for the majority
of the cases they are low significance detections
in the 200ks catalogue which are not confirmed
in the deeper data. Two (egs 0511 and egs 0529)
are sources which were detected in the wings of
nearby bright (and possibly extended) sources. A
relatively large number of the others are in the
very central regions of the image where the PSF
is small, and where the original detections by L09
are based only on a very small number of photons.
In these and indeed other cases the objects identi-
fied by L09 may not be truly spurious but simply
represent sources whose true flux lies below the de-
tection limit even of the 800ks data, but which due
to Poisson statistics generated a significant num-
ber of counts in the 200ks observation. In other
words, they may be sources which were originally
detected due to the Eddington bias. This asser-
tion is supported by the fact that many of them
have optical counterparts (see Table 6. This may
also be explained if the X-rays are variable, and
the true flux has dropped by a large factor since
the initial observations by L09.
3.3. Comparison with Goulding et al.
2012
G12 have already published a catalogue of X-
ray sources and optical associations in this field.
The set of Chandra data used is similar but not
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identical to ours, in that they analyse the en-
tire AEGIS-X area, both deep and wide, while
we use only the regions with nominal 800ks expo-
sure. Further more we use two further ObsIDs in
these areas, 9876 and 9881, not analysed by G12.
The other 55 of our pointings are in common with
G12, who nonetheless adopt a different procedure
for data reduction, source detection and identifi-
cation of the X-ray sources. A comparison of the
latter can be found in Section 4.2.
We have cross-correlated the X-ray source list
of G12 with our catalogue using a match radius of
3”, and restricting to the common area. From this
we find 115 sources in G12 that have no match
in our catalogue. The vast majority (108) are
faint source close to the detection threshold (see
Fig 7). In this cases small differences in the analy-
sis or source detection procedure (in particular the
adopted detection threshold) can easily account
for a detection in one catalogue, but not the other.
In the photon-starved regime of Chandra the in-
clusion or exclusion of a single count in the source
detection cell can easily change a “detection” to
a “non-detection” or vice versa. Relatively minor
differences in the determination of the background
can have a similar effect. The other 7 sources in
G12 but not in our catalogue are brighter and po-
tentially a greater cause for concern. Visual exam-
ination of these shows three which are far off axis,
and which do have a counterpart in our catalogue
but just outside the 3” match radius. The remain-
ing four are in crowded/bright source regions. Vi-
sual inspection suggest that these may indeed be
distinct sources, but which have not been sepa-
rated or identified as such by our detection algo-
rithm.
Performing the opposite comparison, we find 73
sources in our catalogue that have no counterpart
within 3” in G12. An examination of Fig 7 shows
that a number of these sources are rather X-ray
bright (F0.5−10 > 10−15 erg cm−2 s−1). Examin-
ing the spatial distribution of these sources in our
images, we find that the majority of them are at
large off-axis angles, where the PSF is relatively
broad.
We have also compared the positions of our X-
ray sources with those of G12, with the results of
the comparison being shown in Fig. 8. A system-
atic offset is found amounting to 0.37”. This may
be attributed in part to the different astrometric
Fig. 7.— X-ray flux distribution of the sources
that are in our catalog and not that of G12, or
vice versa. G12 include a number of faint sources
in their catalogue which do not satisfy our false
probability threshold. A number of bright sources
are included in our catalogue, but not in that of
G12. These are generally at the edges of the field.
where the PSF is relatively large.
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solutions adopted for the X-ray images, with our
being tied to the CFHTLS i-band, and the G12 po-
sitions registered to the DEEP2 reference frame.
4. Multiwavelength counterparts and pho-
tometry
We have identified multiwavelength counter-
parts to sources in our merged X-ray catalog using
the likelihood ratio method (Ciliegi et al. 2003;
Brusa et al. 2007; L09’ Luo et al. 2010) and
photometry from the Rainbow Cosmological Sur-
veys Database1 (Barro et al. 2011a; Barro et al.
2011b). The Rainbow database is a compilation
of the photometric datasets in several of the deep-
est extragalactic fields, including the AEGIS field.
Table 7 lists the relevant datasets. The multi-
wavelength images were registered to a common
astrometric reference frame and photometry was
performed in consistent apertures to produce spec-
tral energy distributions that span from the UV to
mid-IR.
To identify our X-ray sources, we first searched
for counterparts in any of the multiwavelength im-
ages (based on SExtractor catalogs generated from
each of the images) within 3.5” of the X-ray po-
sition. All the possible counterparts were then
cross-matched to each other using a 2′′ search ra-
dius to create a single multiband catalog. Next,
we performed photometry using the same ellip-
tical (Kron) aperture across all the optical and
near-infrared bands. The aperture was defined in
a reference image for each source, typically the
deepest available ground-based optical image. If
the source had a Kron radius < 4.5′′ then we ex-
tracted IRAC photometry using a 2′′ circular aper-
ture and applied standard aperture corrections,
thus accounting for the larger PSF of the IRAC
images. If the source was detected in IRAC only,
we applied a 1.5′′ aperture in the optical/near-IR
images and forced a photometric measurement. If
a single IRAC source was associated with multiple
optical/near-IR counterparts, the positions of the
optical/near-IR sources were adopted and used to
deblend the IRAC photometry. The full procedure
is described in Barro et al. (2011a).
We note that our procedure does not require
a significant detection in IRAC or any specific
1http://rainbowx.fis.ucm.es/Rainbow_Database/Home.
html
optical/near-IR band and instead identifies poten-
tial counterparts to the X-ray sources in any avail-
able image (cf. the catalog presented by Barro
et al. 2011a, where an IRAC 3.6µm or 4.5µm de-
tection was required).
All of our X-ray sources (within the Rainbow
coverage) have at least one candidate counterpart
within the 3.5′′ search radius, with ∼ 58% having
2 or more.
In the next step we applied the likelihood ratio
technique to determine which of these candidates
are likely to be the true counterpart to the X-ray
source, as opposed to a chance alignment. We first
restricted the list of candidates to those with sig-
nificant detections in a single, given optical, near-
IR or mid-IR band with a measured magnitude,
m. The likelihood ratio compares the probability
that a candidate counterpart with magnitude m
found at a distance r from the X-ray source po-
sition is the true counterpart and the probability
that it is a spurious background source.
The likelihood ratio (LR) is given by
LR =
q(m)f(r)
n(m)
(1)
where q(m) is the expected magnitude distribution
of the true counterparts to the X-ray sources, n(m)
is the surface density of background sources as a
function of magnitude, and f(r) is the probability
distribution of angular separations of the sources.
We assume f(r) can be described by a symmetric
two-dimensional Gaussian distribution,
f(r) =
1
2piσ2
exp
(−r2
2σ2
)
(2)
where the standard deviation, σ, combined the
X-ray and counterpart positional uncertainties,
added in quadrature. The X-ray positional un-
certainties used depend on the source counts and
off-axis angle, as described in L09. As our Rainbow
counterpart catalog was limited to sources within
3.5′′ of an X-ray source, we estimated the back-
ground source density, n(m), using the original
SExtractor catalogs for the given band over the
entire field, restricting to sources with significant
detections and measured magnitudes, m, in that
band. This approach provides an accurate esti-
mate of the background source density using the
entire photometric coverage.
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Table 7
Multiwavelength photometric datasets included in the Rainbow database in our fields.
Data λeff (A˚) Depth (magAB) LR priority Ncntrprt Aλ/E(B-V) zpoffset
(1) (2) (3) (4) (5) (6) (7)
IRAC [3.6µm] 35416.6 23.9 1 881 (94.02%) 0.162 0.086
IRAC [4.5µm] 44826.2 23.9 ... ... 0.111 0.114
IRAC [5.8µm] 56457.2 22.3 ... ... 0.076 0.000
IRAC [8µm] 78264.8 22.3 ... ... 0.045 0.000
Subaru Rc 6486.4 26.1 2 19 (2.03%) 2.549 -0.022
ACS V 5796.7 26.9 ... ... 2.852 -0.057
ACS I 8234.0 26.1 3 0 (0.00%) 1.825 -0.020
Subaru KS 21354.4 23.7 4 3 (0.32%) 0.367 0.055
CFHTLS u∗ 3805.6 25.7 ... ... 4.675 0.066
CFHTLS g′ 4833.7 26.5 ... ... 3.615 -0.025
CFHTLS r′ 6234.1 26.3 ... ... 2.677 -0.018
CFHTLS i′ 7659.1 25.9 5 3 (0.32%) 1.989 -0.012
CFHTLS z′ 8820.9 24.7 ... ... 1.530 0.017
MMT u′ 3604.1 26.1 ... ... 4.831 0.069
MMT g′ 4763.5 26.7 ... ... 3.655 0.041
MMT i′ 7770.5 25.3 6 1 (0.11%) 1.932 -0.053
MMT z′ 9030.9 25.3 ... ... 1.473 0.101
DEEP B 4402.0 25.7 ... ... 4.096 -0.085
DEEP R 6595.1 25.3 7 19 (2.03%) 2.508 -0.012
DEEP I 8118.7 24.9 ... ... 1.799 -0.102
Palomar J 12435.0 21.9 ... ... 0.893 -0.012
Palomar KS 21353.0 22.9 8 3 (0.32%) 0.368 0.033
GALEX FUV 1528.1 25.6 ... ... 8.290 0.000
GALEX NUV 2271.1 25.6 ... ... 8.612 0.000
NICMOS F110W 10622.4 23.5 ... ... 1.085 0.000
NICMOS F160W 15819.6 24.2 ... ... 0.593 0.000
CAHA J 12029.7 22.9 ... ... 0.924 0.176
WFC3 J 12425.8 27.4 ... ... 0.875 0.050
WFC3 H 15324.7 27.5 ... ... 0.626 0.248
NEWFIRM J1 10441.4 25.1 ... ... 1.164 -0.001
NEWFIRM J2 11930.0 25.3 ... ... 0.940 0.024
NEWFIRM J3 12764.0 24.5 ... ... 0.844 0.001
NEWFIRM H1 15585.4 24.1 ... ... 0.612 0.019
NEWFIRM H2 17048.8 24.4 ... ... 0.530 -0.003
NEWFIRM K 21643.9 24.2 ... ... 0.348 0.024
Note.—(1) Instrument and filter/band (2) Effective wavelength of the filter (3) Likelihood ratio priority. A
higher priority means the counterpart is taken from that catalogue where a match is found in more than one
(4) Number of counterparts assigned in that band (5) Galactic extinction (6) Zeropoint offset. The relevant
references are listed in Barro et al., (2011a and 2011b), except that for NEWFIRM data (Whitaker et al. 2011)
and CANDELS/ WFC3 (Grogin et al. 2011, Koekemoer et al. 2011).
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Table 8
Summary of likelihood ratio matching results for AEGIS-XD
Catalog Area/deg2 N0 σ0 Lth R C NX NID NNoID NMulti NPri
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
RAINBOW [3.6µm] 0.26 65675 0.20 0.80 0.98 0.94 902 860 42 451 860
Subaru R 0.28 126709 0.20 1.18 0.95 0.80 936 788 148 435 37
ACS I 0.14 61983 0.10 1.00 0.96 0.79 617 509 108 279 0
Subaru K 0.08 10908 0.20 3.04 0.97 0.86 408 363 45 165 2
CFHTLS i 0.26 116686 0.30 1.10 0.95 0.77 828 670 158 401 1
MMT i 0.29 93412 0.30 1.03 0.94 0.75 937 752 185 370 1
DEEP R 0.28 45968 0.30 4.06 0.97 0.45 922 430 492 312 0
Palomar Ks 0.25 19086 0.30 1.58 0.96 0.76 881 693 188 202 6
Note.—Col 1:Catalog name and detection band used to match counterparts. Col 2: Area covered by both the multiwave-
length data and deep X-ray data. Col 3: Number of multiwavelength sources in the X-ray area. Col 4:1 σ positional accuracy
of multiwavelength catalog in arcseconds. Col 5: Likelihood ratio threshold determined by the iterative procedure described
in section 4. Col 6; Sample reliability, the mean of the individual reliabilities of each secure counterpart, as in Luo et al (2010)
Col 7: Sample completeness, the sum of the reliabilities for all counterparts divided by the total number of X-ray sources.
Col 8: Total number of X-ray sources in the area covered by the multiwavelength data. Col 9: Number of secure counterparts
to X-ray sources. Col 10: Number of X-ray sources without secure counterparts. Col 11: Number of X-ray sources with more
than 1 candidate counterpart within the 3.5′′ search radius. Col 12: Number of X-ray sources assigned a primary counterpart
in this band.
Fig. 8.— Offset between the X-ray positions of
sources in our catalogue, and those in G12, in
cases where the source is matched within 3” ra-
dius. There is a systematic offset of around 0.4”.
The magnitude distribution of true counter-
parts, q(m), was estimated via the iterative
method described in Luo et al. (2010). Briefly, a
first estimate of q(m) was determined by match-
ing counterparts to X-ray sources within a small
radius (we adopted 1.5′′), and subtracting the
background density. The LR was then calculated
for all counterparts to X-ray sources within our
3.5′′ search radius. We found the counterpart
with the highest LR value for each X-ray source
and applied a threshold, LRthresh, that maximises
the sum of the sample completeness and reliability
to identify a sample of “secure” matches. These
secure matches were then used for a new estimate
of q(m), and the likelihood ratios recalculated.
This process was repeated 10 times, resulting in
a stable number of matches and threshold LR
values.
We repeated the entire LR matching process
for the bands indicated in column 3 of Table 7.
Finally, we combined the matches to produce a
master list of counterparts. We first took the
secure counterparts in the highest priority band
(indicated by LR priority=1). Next, we looped
through the remaining match bands and assigned
a final counterpart if a secure match was avail-
able in that band (and was not available in any
of the higher priority bands). No additional cross-
matching is required to obtain the full multiband
photometry as this is provided through matched
17
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Fig. 9.— X-ray flux versus AB magnitude in various matching bands for all AEGIS-XD 800ks sources (orange
symbols), and those also identified earlier in the shallower AEGIS -XW 200ks survey (black symbols). From
top to bottom the comparison bands are the Subaru Rc-band, CFHTLS i
′, Subaru Ks and IRAC 3.6µm.
Anything with less than 3 sigma detection is shown as a limit (downward arrow) and stars are indicated with
a star symbol. Note that the Ks imaging covers a significantly smaller area than the other bands, accounting
for the smaller bunker of matches sources. Lines denoting a constant ratio of the X-ray flux to the flux in
the corresponding optical/IR band are shown as the dotted lines, with the dashed line representing a ratio
of 1:1. 18
apertures for all the Rainbow counterparts, re-
gardless of the detection band (c.f. Luo et al.
2010). In practice, the vast majority (∼ 90%) of
X-ray sources are assigned final counterparts from
the highest priority match band, IRAC 3.6µm.
IRAC is known to give the highest match rate for
faint X-ray sources in deep Chandra surveys (Car-
damone et al. 2008; L09). The additional steps
help us identify counterparts when the IRAC can-
didate is faint, blended, or non-existent. We as-
signed a match to 929 of the 937 sources.
The X-ray fluxes in the full, soft and hard bands
are plotted against the counterpart magnitude in
various matching bands in 9. The lines of constant
FX/Fopt show a clear effect that the counterparts
are generally brighter in the Subaru MOIRCS NIR
(Ks) and IRAC 3.6µm bands than the are in the
optical bands (CFHT i′ or Subaru Rc. This illus-
trates the well-known fact that the X-ray sources
- which are dominated by AGN - reside in rela-
tively red host galaxies (Barger et al. 2003; Nan-
dra et al. 2007; Brusa et al. 2009; Civano et al.
2012), a fact which accounts for the much higher
IRAC identification rate, compared to optical pho-
tometry. The figure also identifies objects which
are newly detected in the 800ks survey, as op-
posed to those which were already in the 200ks
catalogue of L09. While the fainter 800ks X-ray
sources are typically identified also with fainter op-
tical counterparts, a small but significant fraction
of the faintest X-ray sources are identified with
very bright optical sources (RAB=20 or brighter).
Most of these sources are secure stars as classi-
fied via spectroscopy, multiple color-color selection
(see Barro et al. 2011a and 2011b) or SED fitting.
Some of these sources are galaxies with a low X-
ray Luminosity indicating that their X-ray emis-
sion may be dominated by stellar processes (e.g.
via X-ray binaries and diffuse hot gas), rather than
an accreting black hole. Looking more specifically
at this issue, we find a total of 49 sources with
FX/Fopt < −2, where FX if the soft band flux
and Fopt is based on the Subaru R band, which
are not flagged as stars. 44 of these have a secure
spectroscopic redshift (zspec > 0) while the other
have reliable photo-z > 0. All but one of these
sources has logLX < 42 meaning that in principle
they could be normal galaxies, rather than AGN.
They represent 6.7 per cent of the soft X-ray de-
tected sample. This is consistent with the work
of Lehmer et al. (2012), from which we would
predict a normal galaxy fraction of 6.1 per cent
at FX > 1.96 × 10−16 erg cm−2 s−1, our 1 per
cent completeness soft flux limit. We nonetheless
caution that separating AGN and normal galax-
ies based on these criteria is difficult, and requires
detailed consideration of the properties of the in-
dividual objects.
There is also some evidence from this figure
to suggest that the fainter X-ray sources do not
become significantly fainter in the longer wave-
length NIR or IRAC bands. The IRAC 3.6µm
magnitude, for example, remains relatively con-
stant over the full range of X-ray fluxes probed
by the AEGIS-XD survey. The interpretation of
this is not straightforward, but may be related to
the fact that X-ray selection tends to identify the
most massive galaxies at any given redshift (e.g.
Bundy et al. 2008; Aird et al. 2013), and/or that
the optical faintness of many of the X-ray sources
is due to dust reddening.
4.1. Astrometric accuracy
Following the cross-matching procedure we can
make a post-hoc estimate of the astrometric ac-
curacy of the X-ray positions in our catalogue.
Fig. 10 shows the offsets between the X-ray po-
sition and that of the multi band counterpart.
Overall, we find that 84 per cent of the of the
counterparts lie within 1” of the X-ray position,
and 97 per cent within 2”. As discussed by L09,
the astrometric accuracy is a function of both off-
axis position and source counts (see their Fig. 7
and Table 8). Fig. 10 demonstrates the latter ef-
fect, whereby the positions degrade somewhat for
fainter sources. For relatively bright X-ray sources
(> 100 net counts) we find 92 per cent of counter-
parts within 1” and 99 per cent within 2”. With
< 100 net counts, we find 78 per cent of the coun-
terparts within 1”, but still 96 percent within 2”.
The RMS error for all sources is 0.83” (0.62” for
> 100 net couthnts and 0.93” for < 100 counts).
4.2. Comparison of associations with G12
For the 864 X-ray sources that are in common
between our catalogue and that of G12, we have
compared the counterpart identifications. There
is a substantial difference in the multi wavelength
datasets used: G12 used only the DEEP2 optical
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Fig. 10.— Offset between the X-ray and counter-
part positions for the AEGIS-XD sources. Black
crosses show bright objects where the X-ray posi-
tion is statistically well determined. With < 100
net counts the positional accuracies degrade some-
what. The vast majority of the secure counter-
parts (> 97%) none the less lie within 2” of the
X-ray position.
photometry, while we employ a much wider variety
of data including (deblended) IRAC photometry
which is known to yield more efficient counterpart
identification for X-ray sources (Cardamone et al.
2008; L09), where the AGN shine and the number
of background sources decrease, making easier the
correct and secure association. Of the 864 com-
mon sources, G12 assign a counterpart to 606. By
comparison our method yields reliable associations
for 830 sources, including 595 of the G12 counter-
parts. Of the 606 G12 counterparts, our method-
ology further indicates an unreliable association in
11 cases.
Matching the counterpart positions, we found
a systematic offset between the counterpart posi-
tions of about 0.58” (see Figure 11). This is pre-
sumably due to the different astrometric systems
adopted by DEEP2 and the Rainbow database.
After correction for this offset we found 572/595
sources with high confidence counterparts in both
work to be within 0.5” of each other, and hence
are presumably the same counterpart (see Fig. 11).
For the remaining 23 sources we apparently iden-
tify a different counterpart to G12. There can be
a number of reasons for this, including differences
in X-ray positions, deblending or non-deblending
of photometry in crowded regions, and the fact
that we match to a wider range of catalogues. For
example, in several mismatched cases, we identify
a single point-like counterpart in the the ACS im-
ages that in the ground-based images is merged
with 2 or more very nearby objects into an appar-
ent single source, identified as the counterpart by
G12. A further check of the consistency between
our associations those of G12 can be made by com-
paring the spectroscopic redshifts of the counter-
parts, when available. The G12 catalogue contains
180 sources with reliable redshift from DEEP2.
For 155 of these, we find the same redshift. For a
further two (aegis 704 and aegis 762 in this paper)
we assign the same counterpart but the redshift is
different, as we have adopted a revised redshift
value using DEEP3. Of the remaining 23 sources
there are 14 sources with spectroscopy in G12 that
are not detected as significant X-ray sources in
our reduction. For the final 9 we assign a differ-
ent counterpart to G12, for the reasons discussed
above, and hence have a different spectroscopic
redshift.
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Fig. 11.— Positional offset between our counter-
parts and those of G12. A total of 595 sources
are assigned both a counterpart in G12, and a se-
cure counterpart in our work. The figures shows
a systematic offset between the counterpart po-
sitions, presumably associated with the different
astrometric frame used for the Rainbow database
(our work) and DEEP2 (G12). After correction
for this offset the vast majority (572/595 or 97 %)
have the same counterpart within a 0.5” radius.
A few show larger differences, indicating that our
methodology finds a different counterpart, or has
a significantly different position e.g. due to the
fact that we perform deblending.
5. Redshifts
The AEGIS field has been the subject of a num-
ber of dedicated redshift surveys, most notably the
DEEP2 and DEEP3 surveys (Davis et al. 2003;
Cooper et al. 2011, Cooper et al. 2012, Newman
et al 2013) with the Keck telescope. The outstand-
ing multi wavelength photometry in the field also
permits the determination of accurate photomet-
ric redshifts, and the spectroscopic data allow cal-
ibration of those redshifts and estimates of their
accuracy and reliability.
5.1. Spectroscopic redshifts
A total of 353 sources in our AEGIS-XD X-
ray sample have a reliable spectroscopic data, ob-
tained from a variety of sources, listed in prior-
ity order in Table 9. The largest number (167)
of these were derived from the DEEP2 redshift
survey (Newman et al. 2013). DEEP2 was a
magnitude-limited redshift survey (to RAB=24.1)
over several fields covering approximately 2.8
square degrees over 4 fields. Among these fields
the AEGIS area features the most extensive multi
wavelength coverage (Davis et al. 2007). Fur-
thermore, the target selection in the AEGIS field
was largely based on optical magnitude, unlike
the other fields in DEEP2 where color selections
were also applied to isolate high redshift galaxies.
The redshift success for the AEGIS-XD sources
targeted in DEEP2 is very high (> 77 per cent).
Note that we count only spectra with redshift
quality 3 and 4 as defined by Newman et al.
(2013) as secure redshifts, ignoring lower qualities.
On the other hand, the sampling rate of DEEP2,
combined with selection against presumed stellar
objects in the survey means that not all X-ray
source counterparts brighter than the magnitude
limit were covered. In addition, because the X-ray
sources were not known at the time the DEEP2
survey was designed, they could not be targeted
explicitly.
The DEEP3 survey (Cooper et al. 2011), an ex-
tension of DEEP2, addressed this issue by specif-
ically targeting the counterparts of X-ray sources
in the field regardless of their optical properties.
DEEP3 provides an additional 89 spectroscopic
redshifts for the AEGIS-XD survey. The success
rate in DEEP3 (∼ 51 per cent) was lower than in
DEEP2 because targets fainter than the DEEP2
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Table 9
Spectroscopic redshifts
Survey a Ntarg
b Nspec
c Nused
d Nstar
e
DEEP3 174 89 89 3
DEEP2 223 172 167 0
MMT 162 93 91 10
CFRS 5 5 0 0
SDSS 14 14 6 1
LBG 7 7 6 0
Total 464 339 14
aThe redshift origins are listed in priority order, i.e. the redshift is taken preferentially from DEEP3 if available, then DEEP2 and
so on down to SDSS, which has the lowest priority. Secure redshifts and stellar identifications are those with redshift quality 3 or 4 in
the catalogues. Lower quality flags are assumed to be redshift failures.
bNumber of AEGIS-XD counterparts targeted for spectroscopy
cSecure redshifts and stellar identifications are those with redshift quality 3 or 4 in the catalogues. Lower quality flags are assumed
to be redshift failures.
dUnique reliable spectroscopic identifications used in this work.
eNumber of spectroscopically confirmed stars. The difference between Nused and Nstar provides the number of galaxies.
magnitude limit were included. These spectra of-
ten failed to yield a secure redshift. A further
important spectroscopic dataset was provided us-
ing the MMT/Hectospec instrument (Coil et al.
2009), again explicitly targeting X-ray sources
which were not already covered by DEEP2 . This
campaign provided a total of 81 secure redshifts for
AEGIS-XD sources. Finally, a handful of spectro-
scopic redshifts of X-ray source counterparts have
been obtained by other campaigns, for example
the Canada-France Redshift Survey (Lilly et al.
1995), the Keck Lyman Break Galaxy (LBG) sur-
veys of Steidel et al (2003, 2004), and the SDSS
(Ahn et al., 2012). Of these, SDSS provides 6 ad-
ditional redshifts, and the LBG survey additional
6. The 5 redshifts from CFRS were all duplicated
in DEEP2/3 or the MMT surveys, so we use those
in preference.
The grand total of 353 spectra implies a to-
tal spectroscopic completeness of the sample of
∼ 38 per cent. This is, however, a very strong
function of optical magnitude, as can be seen from
Fig. 12. Only 20 spectroscopic redshifts have been
obtained at magnitudes fainter than RC = 24, de-
spite this being the peak of the magnitude distri-
bution of the X-ray counterparts. This accounts
for the relatively low spectroscopic completeness of
the whole sample, despite major efforts in terms
of spectroscopy in this field. A total of 111 X-ray
source counterparts were targeted in the course of
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Fig. 12.— Subaru RC magnitude distribution of
the AEGIS-XD counterparts. The distribution
peaks at RC ∼ 24. The vast majority of successful
spectroscopic redshifts are at brighter magnitudes
than this. Redshift failures start to rise sharply
at RC > 23, below which we must largely rely
on photometric redshifts. The upper limits curve
refers to the upper limit on the magnitude in the
case where there is no detected counterpart in the
Subaru imaging.
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the various surveys without a reliable redshift be-
ing obtained.
5.2. Photometric redshifts
Despite the intensive spectroscopy in this field,
a relatively large fraction of the AEGIS-XD
sources do not have spectroscopic redshifts. Pho-
tometric redshifts were therefore computed for the
remaining of the sources with multiwavelength
counterparts using SED fitting. The photometric
redshifts have been computed following the anal-
ysis procedure described in Salvato et al. 2011,
which takes into account knowledge of the optical
morphology, optical variability and X-ray emis-
sion to determine the most appropriate library
and priors to be used. This method has been suc-
cessfully applied in the COSMOS field (Salvato
et al. 2009), the Lockman Hole (Fotopoulou et al.
2012) and in the Extended Chandra Deep South
(Hsu et al., 2014). More details regarding the
adopted libraries can be found in Hsu et al 2014.
Morphological classifications for the optical
counterparts was taken from the Rainbow sur-
vey. There, for the separation of the sources
in point-like and extended, the HST-ACS im-
ages where primarily used, with the analysis
done alternatively on the Subaru Rc band image
(FWHM∼0.7”), when the former was not avail-
able. The motivation for this is that optically-
extended sources – i.e. resolved galaxies - are
likely to be better modeled with a galaxy domi-
nated template. Optical point sources and/or vari-
able sources are candidate type 1 QSOs, better fit
with an AGN template. We classified 401 sources
as optically extended (EXTNV) and the remaining
536 as point-like or unresolved/undetected (QSO
variable or QSOV)2. The EXTNV group was also
split on the basis of the soft X-ray flux, with 529
sources fainter than F(0.5−2keV) = 8 × 10−15 erg
cm−2 s−1 and with the remaining 6 brighter than
that.
Source variability can be a major issue in deter-
mining the photometric redshifts for type I AGN,
as the multi-band data were usually taken at dif-
ferent epochs, meaning that there can be signifi-
cant flux-offsets worsening the SED fits or causing
the wrong template to be selected. In addition, in
2we adopt the same classification as defined in Salvato et al.
(2009) for ease of comparison
Fig. 13.— Comparison between spectroscopic and
photometric redshifts for the extragalactic spec-
troscopic sample . Filled dots indicate sources
with a possible unique redshift solution while open
circles represent sources for which there is at least
a second significant peak in the redshift proba-
bility distribution. In green we show the sources
within the CANDELS area, where deeper and bet-
ter resolved NIR data are available, yielding supe-
rior photo-z results. The solid lines correspond
to zphot=zspec and zphot = ±0.05(1+zspec), re-
spectively. The dotted lines limit the locus where
zphot=±0.15(1+zspec).
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many cases the photometry in a given band was
produced by adding the results from different ob-
servation runs separated in time. This means that
a multi-epoch variability analysis was not possi-
ble. However, we do find that 59 sources have a
clear offset in (typically 0.5 magnitudes and up to
∼ 1) when comparing photometry from the same
or similar filters, suggesting variability. Visual in-
spection shows that 38 of these sources are point-
like, and while the morphological classification is
a strong function of magnitude and image reso-
lution, this suggests that the variability is likely
real and due to the QSO or stellar nature of the
source. For the remainder, classified as optically
extended, half are located close to nearby stars,
and the variability is likely more related to vari-
ation in the flux of the stars or the background
in their vicinity. For lack of further information,
all the 59 apparently-variable sources have been
flagged, as the variability might have a significant
effect on the redshift determination. As in Sal-
vato et al. (2011), we used the LePhare code
(Ilbert et al. 2006), to compute the photomet-
ric redshifts. The first step was to correct the
photometry for Galactic extinction using a median
E(B-V)=0.04 (see second-last column of Table 7,
as in Barro et al. 2011a). Then we searched for
possible zeropoint offsets that could affect the ac-
curacy of the photometric redshift. To do this we
computed the photometric redshift of a sample of
normal galaxies (i.e. non X-ray detected) with re-
liable spectroscopic redshift available. For each
source, we kept the redshift fixed and we searched
for the best fitting template in the library of nor-
mal galaxies used in Ilbert et al. (2009). Then,
for each photometric band, we computed the av-
erage difference between the photometry of all the
sources and the photometry of the template. In
this way, we can correct for second order problems
in the photometric calibration. We adopted these
zeropoints (reported in the last column of Table
7) when computing the photometric redshifts for
the X-ray selected sources. We note that the ze-
ropoint corrections depend on the templates used,
and different libraries could provide slightly differ-
ent values for the correction. For this reason we do
not apply these corrections to the photometric cat-
alogue released with this paper. Furthermore, the
same procedure could not be applied directly to
the X-ray sources as a) variability could affect the
results and b) the relative host/AGN contribution
to the SED in a given band is unknown. Ignor-
ing these fact can potentially introduce a greater
uncertainty in the zeropoints when applying a rel-
atively limited number of templates.
We compute the photometric redshift for the
EXTNV sources using the new hybrid templates
of Hsu et al. (2014). These templates are tuned
for sources dominated by galaxies, with special
care give in reproducing the emission lines. For
the QSOV sample we used the AGN dominated
hybrids of Salvato et al. (2009). Different abso-
lute magnitude priors were considered for EXTNV
(−24 < MB < −8) and QSOV (−30 < MB < −20)
sources, respectively. In order to search for stars
in the sample, a stellar library was also used to
fit the all the data. Whenever a source in the
QSOV sample is better fit with the stellar tem-
plate it has been classified as a star. There are
21 sources that satisfy this criterion (∼ 3.1% of
the entire sample), with 12 of these also spectro-
scopically confirmed. Turning to the extragalac-
tic sources, the overall accuracy for the spectro-
scopic sample, measured by the normalised mean
absolute deviation, is σNMAD=0.040, with an out-
lier fraction of η= 5.1% (Fig. 13). The accuracy
is slightly higher (σNMAD=0.030, with an outlier
fraction of η= 3.8%, where deeper and better re-
solved NIR photometry from CANDELS is avail-
able). A close look to the outliers revealed that
most of those for which the photometric redshift
solution was not unique (empty circles in the fig-
ure), had the correct solution in the second higher
peak. The use of redshift probability distribu-
tion function (made publicly available with this
work) is recommended. The remaining outliers
can be explained by blending with nearby sources
for which the low resolution of the ground-based
imaged misplace the sources in the ”EXTNV”
group, rather than in the ”QSOV”, thus adopt-
ing the wrong templates/priors. The effect of the
resolution of the images used for the classification
has been addresses in Hsu et al. (2014). These
authors demonstrate that the fraction of outliers
increased significantly when using the morpholog-
ical classification from the ground-based images
rather than from the space-based ones. We break
down the results in redshift, magnitude and type
in Table 10. The outlier fraction and uncertainties
in the QSOV sample are larger, partly due to de-
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generacies associated with the typical power-law
SED of this subsample. This is a general problem
for photometric redshift for AGN, which can be
mitigated when narrower filters sensitive to strong
emission lines are used in the photo-z determina-
tion (e.g. Salvato et al. 2009; Cardamone et al.
2010; Hsu et al. 2014).
The full probability distribution function for
the photometric redshifts is made available for all
the sources in our catalogue (see Appendix A). We
caution that the errors associated with the pho-
tometry can easily be underestimated, with the
result that the 1-3 σ errors associated with the
photometric redshift can also be underestimated.
This is true for photometric redshift in general (see
Dahlen et al. 2013) for a recent test with a sample
of normal galaxies in the CANDELS fields). We
verified that the situation is similar for our sam-
ple where zphot − 1σ < zspec < zphot + 1σ only
for 57% of the sources, while for 79% of the sam-
ple the spectroscopic sample is within the 3σ er-
ror of the photometric redshift. Thus, while us-
ing the 3σ errors associated with photometric red-
shifts provide a reasonably accurate estimate of
the uncertainty for most of the sources, we recom-
mend again to use the entire redshift probability
distribution function for a more complete analysis.
5.3. Redshift distribution
The redshift distribution of our X-ray sources
(after excluding the stars) is shown in Figure 14,
distinguishing between spectroscopic and photo-
metric redshifts. There is a peak in the spectro-
scopic redshift distribution around z ∼0.7, which
is also seen in the photometric redshift distribu-
tion, presumably due to a large-scale structure at
this redshift in the field. The redshift distribu-
tion shows clearly that the spectroscopic complete-
ness is a very strong function of redshift, with the
sample being highly spectroscopically complete at
z < 1 (210/303), and highly incomplete above this
redshift (140/613). This shows the great impor-
tance of computing accurate photo-z when con-
sidering AGN evolution and/or host galaxy prop-
erties of high redshift.
Figure 14 also shows in blue the sources that are
characterized by at least one further peak in the
redshift solution (200 sources, 23% of the sample)
and in red sources for which a single peak in the
redshift solution is found but for which the P(z) is
Fig. 14.— Redshift distribution for the X-ray
sources. The black dashed line indicates the dis-
tribution for the sources with secure spectroscopic
redshift and in black solid line the same distribu-
tion is added to the rest of the sources for which
only a photo-z is available. In red we indicate the
sources for which there are at least two peaks in
the redshift solution while in blue we show the dis-
tribution of the sources for which there is a single
peak, but with a low value of P(z).
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Table 10: Accuracy of photometric redshifts. (1) Number of sources (2) Outlier fraction (3) Normalised mean
absolute deviation. QSOV refers to optically point-like and/or variable sources. EXTNV refers to optically
extended and non-variable sources.
Sub Sample QSOV EXTNV
N. of sources η (%) σNMAD N. of sources η (%) σNMAD
(1) (2) (3) (1) (2) (3)
z<1.2 53 11.3 0.067 201 3.5 0.034
z>1.2 72 5.6 0.059 24 4.2 0.027
R<22 mag 41 7.3 0.067 111 2.7 0.040
R>22 mag 84 8.3 0.061 114 4.4 0.028
Combined 125 8.0 0.063 225 3.6 0.033
lower than 50% (34 sources, 6%), with a distribu-
tion over a broad redshift range. The majority of
the high redshift sources (i.e. z> 3.5) are among
these poorly defined sources. We find 14 X-ray
sources at z = 3.5−4.5 in the AEGIS field (2 spec-
troscopically confirmed), and 15 at redshift z> 4.5,
although all of the latter show a secondary peak
at a lower redshift. In this regime the photomet-
ric redshifts are strongly dependent on the upper
limits adopted, making the results unstable. The
high redshift nature of these sources thus needs to
be assessed carefully, ideally via spectroscopy or
possibly with deeper photometry (e.g. Venemans
et al. 2007). For the time being the photometric
redshifts should be considered with the associated
errors and preferably with the full P(z).
Fig. 15 shows our sample in the LX − z plane.
The left panel distinguishes between sources with
spectroscopic redshifts and those with photomet-
ric redshifts. This clearly shows that that vast
majority of sources at z > 1.5 do not have spec-
troscopic redshift, making the photo-z essential.
Obtaining accurate phot-z, as in our work, is thus
crucial for the investigation of AGN properties
at high redshift. The AEGIS survey alone pro-
vides reasonably good sampling of the population
in the luminosity range 1042−44 up to around z 3,
after which is becomes incomplete at the faint
end. This can be improved by combining it with
deeper surveys such as the CDF-N and, particu-
larly, the CDF-S. Similarly, the luminosity range
above 1044 erg s−1, above L∗, the knee in the
XLF, is relatively sparsely sampled by our data
and larger area surveys are required e.g. to deter-
mine the bright end of the XLF with good accu-
racy. The right panel of Fig. 15 shows the objects
colour-coded by the best fit template fitted to the
multi-wavelength photometry during the photo-
z determination. There is a considerable mix of
template types, depending on whether the light
is dominated by the AGN, the galaxy, or a mix-
ture at longer wavelengths. Previous work using
the same photometric redshift methods as use here
has shown good agreement between the SED type
and the spectroscopic classification, where avail-
able (Salvato et al. 2009; Lusso et al. 2010, Lusso
et al. 2012, Civano et al. 2012)
6. Summary
A catalogue of X-ray sources detected in the
deep (800ks) Chandra imaging of the AEGIS field
has been presented. This is currently the third
deepest X-ray survey in existence, after the Chan-
dra Deep Fields North and South. A total of 937
X-ray sources have been detected down to a Pois-
son false probability of 4× 10−6, calculated based
on the counts detected in a PSF-sized detection
cell and a local background, following the method-
ology of L09. The source detection algorithm en-
ables an accurate determination of the sensitivity
of the observations over the field using the tech-
nique of Georgakakis et al. (2008b), and hence the
catalogue can be used effectively when statistical
investigations requiring corrections for complete-
ness are needed (e.g. luminosity functions). We
have identified multi-wavelength counterparts to
our sources using a wide variety of complemen-
tary data in this field, ranging from the UV to the
mid-infrared. Using a likelihood-based association
method, we find possible counterparts for 929/937
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Fig. 15.— Left panel: X-ray luminosity in the rest frame 2-10 keV as a function of spectroscopic (black filled
circles) or photometric redshift (gray open circles). Right panel: same plot but this time the sources are
color coded on the basis of the best-fit template to the photometric data. Here filled symbols indicate sources
best-fit by an AGN template (type 1 or 2), or a hybrid with some contribution (from 10 to 100%) from an
AGN. Galaxy templates are shown as open symbols and include Ellipticals (Ell), various spiral/irregular
templates (SF) and starbursts (SB). The number of sources of each SED type is also reported in the figure.
Note that the sources fit by a AGN/hybrid are on average more luminous in the X-ray, as might be expected.
Even if the optical/IR SED is better fit with a galaxy template, however, the X-rays will in the vast majority
of cases be dominated by an AGN. In both figures the black solid curve corresponds to a flux limit of
fX(2−10 keV) = 2.5x10−16erg s−1 cm−2, where the 2 -10 keV sensitivity curve drops to 1% of the maximum
value. For the calculation of 2-10 keV luminosity we used the 0.5-10 keV flux, k-corrected using a power-law
X-ray spectrum with spectral index Γ = 1.4. Because the 0.5-10 keV band is more sensitive than the 2-10
keV band, a few sources appear below the line corresponding to the flux limit.
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or ∼ 99 per cent of the X-ray sources, the vast
majority from the deep Spitzer/IRAC imaging in
the field. We note, however, that the statistically
reliability of likelihood-based associations is not
100 %, so the notional completeness of the coun-
terpart identifications is closer to 94 per cent in
a statistical sense. 353 (∼ 38 per cent) of the
X-ray source counterparts have a reliable spectro-
scopic redshift mostly from Keck spectroscopy in
the DEEP2 and DEEP3 surveys, supplemented
by a significant number from MMT/Hectospec
spectroscopy. For all X-ray source associations,
we have performed multi-wavelength photometry
in up to 35 bands using the methodology pi-
oneered in the Rainbow database (Barro et al.
2011). This provides SEDs for the sources and fur-
thermore enables accurate photometric redshift to
be determined, using the methodology of Salvato
et al. (2011), which is tuned particularly for X-
ray sources detected in deep surveys, which mostly
comprise AGN. Despite greater difficulties and un-
certainties associated with determining photo-z for
such sources, the reliability and accuracy of the
photometric redshifts is excellent, with an outlier
fraction of just η = 5% and σ = 0.05. Even bet-
ter results η = 4% and σ = 0.03 is reached in
the CANDELS area where deeper and superior
NIR data are available. The AEGIS-XD dataset
lies in a unique area of parameter space in terms
of deep X-ray surveys and the excellence of the
redshift determinations and the supporting multi-
wavelength data make it a powerful tool to investi-
gate the AGN population. The dataset described
here as already been used to investigate the colours
of AGN hosts (Georgakakis et al. 2014a), AGN
clustering (Georgakakis et al. 2014b), Compton
thick AGN (Brightman et al. 2014) and the evo-
lution of AGN obscuration (Buchner et al. 2014),
typically in combination with other deeper and/or
wider datasets. Further work investigating these
and related phenomena should greatly enhance
our knowledge of black hole growth over cosmic
time, and its relationship to galaxy evolution.
All of our catalogues, including the detailed X-
ray information, multi wavelength identifications,
aperture-matched photometry and redshift infor-
mation (including the SED fits and photometric
redshift p(z) are released publicly, as described in
the Appendix to this paper.
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A. Catalogues and Data Release
The catalogues described in this paper are available via the journal and will be updated whenever new
data will be available at the public websites at MPE www.mpe.mpg.de/XraySurveys and via Rainbow (http:
//rainbowx.fis.ucm.es/Rainbow_Database/Home.html). Specifically, we release the following products:
• The X-ray source catalogues.
• The optical/NIR/MIR association catalog listing the X-ray sources with corresponding multi-band
photometry.
• The redshifts, including spectroscopic redshifts, photometric redshifts and photometric redshift prob-
ability distributions.
In this appendix, we show extracts from each of the catalogues, with the information provided in the
electronic edition of the journal. The full information is provided on the web site in FITS format.
A.1. X-ray catalogs
A subset of the basic X-ray properties of the AEGIS-XD sources are given in Table 11 and in Table 12.
In the first Table we provide co-ordinates of the sources and detection properties in the various X-ray bands.
In the second we provide X-ray properties such as fluxes and hardness ratios. Each table is fully described
in the corresponding notes.
A.2. Multi-wavelength catalog
The multi wavelength properties of the counterparts are provided in Table 13 and Table 14. In the first
Table we provide the coordinates of the counterparts in the optical and near/mid-infrared catalogs, together
with their ID and offset from the X-ray coordinates. In the second table, for each of the counterparts we
provide the magnitude in the AB system for all the bands listed in the Table 7. The photometry is corrected
for Galactic extinction but is not corrected for zero point offset as this value is dependent on the SED used
for its computation. In Table 14 an excerpt from the photometric catalog is shown.
A.3. Redshift catalog
For each X-ray source we list the spectroscopic redshift where available, the origin of the redshift, and
the redshift quality flag. In addition, we provide the photometric redshift values and their associated 1
and 3 sigma, including possible second solution when appropriate. LePhare also provides the full redshift
probability distribution, P(z), which is available on request. In the current catalog we provide the peak value
of P(z) for the first and second solutions, As is visible in the excerpt of Table A.3 the peak P(z) is related to
the number of photometric points available for the fit, with lower value of the peak associated with sources
with fewer photometric points available. This should be borne in mind when assessing the reliability of any
given photometric redshift. The Table also shows the templates that were selected for the best fit, which are
publicly available at http://www.mpe.mpg.de/XraySurveys.
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Table 12
Chandra AEGIS-X source catalog: source fluxes and HRs
Bayesian flux Bayesian Phot.
ID f0.5−10 f0.5−2 f2−10 f5−10 HR flag
(1) (2) (3) (4) (5) (6) (7)
aegis 001 29.67+6.97−6.37 8.76
+2.14
−1.87 15.34
+9.68
−8.56 < 25.33 −0.41+0.25−0.24 0
aegis 002 87.77+8.68−8.14 18.96
+2.57
−2.33 75.91
+11.98
−10.98 40.82
+13.47
−11.84 −0.04+0.10−0.10 0
aegis 003 55.39+8.11−7.42 13.10
+2.49
−2.18 45.96
+11.29
−10.02 29.08
+13.51
−11.42 −0.10+0.14−0.13 0
aegis 004 28.98+6.76−6.22 3.87
+1.72
−1.47 37.81
+10.58
−9.59 < 24.85 0.37
+0.20
−0.18 0
aegis 005 17.62+4.90−4.55 3.19
+1.27
−1.11 18.44
+7.54
−6.89 < 19.55 0.11
+0.30
−0.20 0
aegis 006 60.44+6.72−6.24 10.44
+1.84
−1.63 67.13
+10.13
−9.24 30.36
+10.87
−9.41 0.20
+0.10
−0.10 0
aegis 007 22.31+4.84−4.53 4.53
+1.30
−1.15 21.30
+7.28
−6.72 < 18.92 0.02
+0.22
−0.18 0
aegis 008 24.74+4.81−4.50 11.03
+1.59
−1.46 < 14.08 < 18.24 −0.88+0.03−0.12 0
aegis 009 25.82+5.72−5.29 3.10
+1.42
−1.22 36.46
+9.11
−8.33 25.49
+11.34
−10.06 0.45
+0.19
−0.16 0
aegis 010 31.84+4.63−4.32 8.46
+1.39
−1.25 19.52
+6.40
−5.83 < 16.54 −0.31+0.16−0.14 0
1Unique source name
2Flux in the 0.5-10 keV band in units of 10−15 erg s−1 cm−2 estimated using the Bayesian
methodology of L09
3Flux in the 0.5-2 keV band in units of 10−15 erg s−1 cm−2 estimated using the Bayesian
methodology of L09
4Flux in the 2-10 keV band in units of 10−15 erg s−1 cm−2 estimated using the Bayesian
methodology of L09
5Flux in the 5-10 keV band in units of 10−15 erg s−1 cm−2 estimated using the Bayesian
methodology of L09
6Hardness ratio determined by BEHR (Park et al. 2006) using the counts in the 0.5-2 and
2-7 keV spectral bands
7Quality of the X-ray photometry. A flag of “1” indicates the presence of a nearby source
that may be contaminating the photometry. A flag of “2” indicates that another source was
detected with the 90% EEF and that the photometry is likely heavily contaminated and the
source position uncertain. All other sources have a flag of “0”.
Note.—Table 12 is published in its entirety in the electronic edition of the journal.
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Table 13
Optical and IR counterparts to the AEGIS-X sources.
XID a OBJ NOb AEGIS ID (Rainbow)c X-ray R.A.d X-ray Dec.d Ctrp. R.A.e Ctrp. Dec. e PRIM MATCH f ROBUST Ctrp. g
(J2000) (J2000) (J2000) (J2000)
aegis 293 533 aegis 293 1 214.448561 52.695391 214.4488572 52.6953656 SubaruR 1
aegis 901 1620 aegis 901 215.225446 53.118118 215.2257595 53.1182402 RAINBOW 1
aegis 819 1488 aegis 819 214.769967 53.047322 214.7703197 53.047412 CFHTLS 1
aegis 291 531 aegis 291 214.409987 52.693303 214.4098638 52.6932229 RAINBOW 1
aegis 418 762 aegis 418 214.585343 52.788107 214.5855658 52.7883566 RAINBOW 1
aegis 355 647 aegis 355 214.959983 52.743431 214.9594025 52.7435032 RAINBOW 1
aegis 486 894 aegis 486 214.723504 52.839885 214.7237642 52.8398494 SubaruR 1
aegis 529 962 aegis 529 214.792841 52.86416 214.7927908 52.864219 RAINBOW 1
aegis 296 538 aegis 296 214.529397 52.697265 214.5293663 52.6971555 RAINBOW 1
aegis 541 980 aegis 541 214.671679 52.871095 214.6720393 52.8710399 RAINBOW 1
Note.—Table 13 is published in its entirety in the electronic edition of the journal.
aX-ray Identification
bObject number in Rainbow
cObject Identification in Rainbow
dX-ray position
eCounterpart position
fBand first used to identify multi wavelength counterpart. ”none” indicate no counterpart identified
gFlag indicating whether the association with a counterpart is secure (1) or not (0).
Table 14
Extract from the AEGIS-XD Photometric catalog
XID AEGIS ID (Rainbow) RAopt DECopt R errR ... ... FUV errFUV
(1) (2) (3) (4) (5) (6) (...) (...) (73) (74)
549 aegis 293 1 214.4488572 52.6953656 14.86 0.02 ... ... 22.027 0.03
551 aegis 294 214.4789369 52.6955591 21.94 0.02 ... ... -99.0 -99.0
598 aegis 321 214.9992079 52.7125128 20.69 0.02 ... ... -99.0 -99.0
749 aegis 399 1 214.9281189 52.7771454 21.9 0.02 ... ... -99.0 -99.0
1195 aegis 626 214.7869854 52.9435878 23.2 0.03 ... ... -99.0 -99.0
1276 aegis 669 215.198185 52.969059 18.62 0.02 ... ... 22.627 0.03
6 aegis 004 1 214.6103281 52.4330603 24.65 0.05 ... ... -99.0 -99.0
11 aegis 005 4 214.55811309 52.44051303 25.27 0.08 ... ... -99.0 -99.0
16 aegis 008 214.5951844 52.4524551 17.69 0.02 ... ... 24.147 0.17
17 aegis 009 1 214.6241732 52.4526771 22.6 0.02 ... ... -99.0 -99.0
Note.—Excerpt from the photometric catalog. Column 1: X-ray ID; Column 2: Optical identifier number from the
Rainbow catalog; Columns 3 and 4; Right Ascension and Declination in degrees of the counterpart; Column 5 and following
odd columns : AB magnitude in the filters listed in Table 7.; Column 6 and following even columns: associated photometric
errors.
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